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ABSTRACT: The Zimm-Bragg parameters u and s for the helix-coil transition of poly(y-benzyl L-glutamate) in 
mixtures of dichloroacetic acid and dichloroethane containing 70 and 82 wt  ‘7’ of dichloroacetic acid, respectively, 
have been determined by spectropolarimetric measurements of the helix content of the polypeptide as a function 
of temperature, using fractionated samples of varying average chainlengths. The experimental data are fit well 
using a temperature-independent value of u. The changes in free energy (AGO), enthalpy (AH”) ,  and entropy 
(AS‘) for the conversion of the poly(amino acid) residue from the coil to the helix form have been calculated in 
each solvent composition from the temperature dependence of s. The values obtained for AH” in the two solutions 
are found to be smaller than published data  but seem to compare fairly well with the calorimetric values present- 
ed in the accompanying paper. Furthermore, the transition curves, and therefore presumably AH”, are indepen- 
dent of the concentration of the poly(amino acid) over the concentration range studied. 

In a parallel series of investigations,3-9 we are determin- 
ing the conformational preferences of the naturally occur- 
ring amino acids in water by evaluating the Zimm-Bragg 
parameterslo u and s for the guest residues in random co- 
polymers formed from these residues and suitable host 
residues. In  order to obtain the conformational preferences 
of the amino acids in nonaqueous solvents, a similar ap- 
proach can be taken, in which poly(y-benzyl L-glutamate) 
(PBLG) can serve as the host. This paper, and the accom- 
panying one,ll are the initial ones, in which the host 
homopolymer in a mixture of dichloroacetic acid 
(HCC12COOH) and dichloroethane (C12Et) is character- 
ized. 

A mixed solvent is used here (one of which favors the 
helical conformation and the other the coil one) because 
most poly(amino acids) do not undergo a thermally in- 
duced helix-coil transition in pure organic solvents.12 For 
ease in analysis of the experimental data, u and s are best 
determined from a thermally induced transition in a sys- 
tem of fixed solvent composition. 

Since the water-soluble random copolymers used in our 
related investigations3-9 are derived from PBLG, this 
polymer was selected as the host for the studies in nona- 
queous solvents. While the helix-coil transition in 
HCCl2COOH-Cl2Et mixtures (in which the transition is 
an inverted one, i .e. ,  increase of temperature induces for- 
mation of helix13) has been the subject of many earlier in- 
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vestigations,l3-24 there is not general agreement among 
the data reported from various laboratories. Because the 
host homopolymer must be characterized in a consistent 
manner with any random copolymers derived from it,  we 
report here, and in the accompanying paper,ll the proper- 
ties of this system as determined by optical rotatory dis- 
persion (ORD) and calorimetric measurements. 

Experimental Section 
A. Materials. Several samples of PBLG with varying chain- 

lengths (DP’s) were synthesized by the N-carboxyanhydride 
method25 using dioxane as the solvent and triethylamine as the 
initiator. The solvent and the initiator were purified as described 
earlier.4 Dimethylformamide used for the molecular weight deter- 
minations was a Fisher Spectranalyzed sample, while C12Et was 
of Spectrograde quality from Mallinckrodt. The ultraviolet ab-  
sorption spectrum of CI,Et was checked periodically to assess its 
purity. HCClzCOOH was obtained as a Fisher purified sample, 
and was distilled usually once but sometimes twice under reduced 
pressure (-20 mm) and stored a t  low temperature (4”), but no 
longer than 2 weeks. The purity of the distilled HCClzCOOH was 
checked both by refractive index and ultraviolet absorption mea- 
surements; the former was not very sensitive to small amounts of 
impurities detected by the latter method. 

B. Methods. The fractionation of the PBLG samples was done 
by fractional precipitation of the polymer from a solution in diox- 
ane, using ethanol as  the precipitant. With the highest molecular 
weight PBLG samples three fractions were obtained, the large 
middle fraction being chosen for the ORD experiments. With 
samples of lower DP’s, a larger number of fractions was obtained 
(usually five) and the central fractions were selected for ORD 
studies. The  fractions were isolated by centrifugation a t  2000 
rpm, dissolved in dioxane, lyophilized, and dried over P205 under 
high vacuum. 

The weight-average molecular weights (a,.,) of the fractions se- 
lected for the ORD measurements were determined in the Beck- 
man Model E ultracentrifuge with interference optics, using di- 
methylformamide as the solvent. In this solvent, PBLG is as dis- 
aggregated as it is in  HCClzCOOH.26-2s Kel-F centerpieces were 
employed for the synthetic boundary and equilibrium measure- 
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Table I 
Molecular Weights of PBLG Fract ions 

Used for ORD Experiments 

Fractiona Rwo b x 10-4 DTw 

I-2c 34.0 1550 f 155 
11-2C.d 21.9 1000 f loo 
III-3d 15.3 700 f 50 
111-6C.d 7.0 320 f 16 
IV-3C3d 2.9 130 f 7 

a The Roman numerals refer to the individual samples of PBLG 
synthesized, while the arabic numbers denote the fraction number. 
* Weight-average molecular weight extrapolated to zero concen- 
tration of PBLG. Used for ORD measurements in 82 wt % HCC12- 
COOH solution. d Used for ORD measurements in 70 wt % HCC12- 
COOH solution. 

ments. The partial specific volume, i‘, of PBLG in dimethylform- 
amide was taken29 as 0.786 ml/g and used in the calculation of x, by the sedimentation equilibrium method. As expected on 
the basis of the earlier studies,28 a dependence of Bw on PBLG 
concentration in the dimethylformamide solution, arising from 
nonideality of the solution, was observed, the apparent AT, in- 
creasing with decreasing polymer concentration in the range of 
0.1-0.5% (w/v). The weight-average molecular weight a t  zero con- 
centration of polymer (Bwo) was obtained for all fractions by ex- 
trapolation of the values of M, a t  the several concentrations 
where they were determined by the conventional sedimentation 
equilibrium m e t h o d E T o  facilitate such an extrapolation for the 
fractions of higher DP  (R, > 2 x lo”,, which showed a pro- 
nounced nonideal effect, the values of M ,  were obtained at very 
low concentrations, uiz., 0.01-0.05% (w/v), using the meniscus 
depletion method of Yphantis.31 The data were analyzed by the 
usual procedure.30 In the case of all the fractions studied, the 
analysis of the data to obtain the ratio, 7GIzo/R,o, where Mzo is 
the z-average molecular weight a t  infinite dilution, yielded values 
for this ratio close to unity (less than 1.05), indicating the ab- 
sence of any significant polydispersity in the fractionated sam- 
ples. (It is possible, however, that  the effects of nonideality, when 
present, and polydispersity may fortuitously cancel each other 
and give low values of R:/R,’; however, the nonideal effect 
would be expected to diminish rapidly a t  lower polymer concen- 
tration while the effect of polydispersity would not.) Table I gives 
the values of Mw0 of the five PBLG fractions used in the ORD ex- 
periments. In the case of fractions 1-2 and 11-2, the molecular 
weights calculated from viscosity measurements in HCClzCOOH, 
using the intrinsic viscosity-molecular weight relationship of Doty 
et C Z L , ~ ~  were found to be 1370 and 910, respectively, which are 
close to the values of mwo listed in Table I. The error in ~ , o  
ranged from f10% for 1-2 and 11-2, to f7% for 111-3 and &5% for 
111-6 and IV-3. It may be noted that the relatively larger error for 
the two samples of higher is not very significant inasmuch as 
the transition curves are expected and, asshown later, are found 
to be much less sensitive to variation in DP at  high values of TP 
than at  lower values of m. 

The ORD measurements were made on a Cary Model 60 
spectropolarimeter. Water-jacketed quartz cells of 1.0- and 2.5-cm 
path lengths were used in conjunction with a Haake thermostated 
circulating water bath with a temperature control of f0 .2” .  The 
temperature was measured with the aid of a calibrated thermistor 
probe situated close to the cell. Because of thermal convection in 
the dense solvent mixtures used, a sufficiently long time was al- 
lowed for thermal equilibrium at  each temperature in order to ob- 
tain reproducible tracings of the ORD curves. Dry nitrogen was 
circulated to eliminate moisture from the cell compartment a t  
low temperatures. The ORD data  were fit to the Moffitt-Yang 
equations2 to obtain values of the parameter bo for PBLG in the 
solvent mixture. Data in the wavelength region 300-480 mp were 
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Figure 1. Plot of bo us. T for PBLG in 70 wt 70 HCClZCOOH so- 
lution: ( A )  fraction 11-2, DP = 1000; (0) fraction 111-3, IF = 700; 
(0) fraction 111-6, TP = 320; ( 0  ) fraction IV-3, DP = 130. Error 
limits are indicated by vertical lines. 

used for this purpose, and a value of 212 mp was used for the con- 
stant A0 of the Moffitt-Yang equation. The measured mean resi- 
due rotation at  each wavelength was corrected for the refractive 
index of the solvent mixture a t  that  wavelength (calculated from 
data on the dispersion of the refractive index of HCClZCOOH and 
C12Ets3 using the Sellmeir equations4). In addition, correction 
was also made for the change in concentration of the polymer due 
to the change in volume of the solvent mixture a t  different tem- 
peratures, using data for the temperature dependence of the den- 
sities of HCClzCOOH and C ~ Z E ~ . ~ ~  The average error in the de- 
termination of bo from the slope of the least-squares Moffitt- 
Yang plot was estimated to be f2 .5  units in bo throughout the 
range of values of bo. 

The concentrations of the PBLG solutions in the solvent 
mixtures generally ranged from about 0.35 to 2.5% (w/v); in addi- 
tion, a relatively high concentration of 4% was used in the case of 
fraction 11-2 to check the concentration dependence of the transi- 
tion curve. The concentration of PBLG in the solution was deter- 
mined in most cases from the known weight of the dry polymer 
dissolved in a known volume of the solvent mixture (assuming 
that the volume of the solution is equal to that  of the solvent 
mixture). In several cases, however, the concentration was, in ad- 
dition, estimated by micro-Kjeldahl nitrogen analysis,36 after 
first evaporating the solvents in a vacuum oven at  100” or above. 
Within the limits of experimental error of the micro-Kjeldahl 
method (h3%), the concentrations obtained were identical with 
those calculated from the direct-weighing procedure. The solvent 
mixture was made up in terms of the weight percentage (wt 70) of 
HCClzCOOH in the mixture; i e ,  a 70 wt % HCClzCOOH solu- 
tion contains 70 g of HCClzCOOH and 30 g of ClzEt in 100 g of 
the mixture. The 70 and 82 wt 7‘0 HCClzCOOH solutions used 
here correspond to 65.2 and 78.5% v/v, respectively. 

Results 
The thermally induced conformational transition of 

PBLG from the coil form a t  low temperatures to the heli- 
cal form a t  high temperatures ( i e . ,  the “inverted” helix- 
coil transitionlo) was studied at two compositions of the 
HCC12COOH-C12Et solvent mixture, uiz., 70 and 82 wt % 
HCClzCOOH solutions, using the fractionated PBLG 
samples listed in Table I. The course of the transition was 
followed by the change in the value of bo of the polypep- 
tide solution with temperature (see Figures 1 and 2 ) .  The 
transition was found to be completely reversible, as was 
first observed by Doty and Yang.13 For a given composi- 
tion of the solvent mixture, the bo us. temperature curve 
was independent of the PBLG concentration over the 
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Figure 2. Plot of bo us. T for PBLG in 82 wt 70 HCClzCOOH so- 
lution. (A) (v) Fraction 1-2, n = 1550; (0) fraction 111-6, = 
320; ( 0 )  fraction IV-3, DP = 130. (B) Fraction 11-2, = 1000; 
the filled symbols in B correspond to a PBLG concentration of 4% 
(w/v) while the open symbols correspond to  PBLG concentration 
of 0.4 and 2.57' (w/v). Error limits are indicated by vertical lines. 

Temperature, " C  

range of 0.35-2.5%. At a higher concentration of 4.0% used 
in one case (uiz. fraction 11-Z), the transition curve was 
shifted by only about 1" to lower temperatures (see Figure 
2B). The error symbols shown for the bo values in the fig- 
ures (omitting errors in temperature and solvent composi- 
tion) include errors in the determination of the concentra- 
tion of the PBLG solutions (&3%), and in the evaluation 
of the slope of the Moffitt-Yang plot (2.5 units in bo). 

The values of boH and b o C ,  for the complete helix and 
complete coil, respectively, required for the computation 
of the fractional helix content oh from bo, were obtained 
as follows. A value of boH = -700 was chosen from mea- 
surements (not shown here) on the h i g h - n  fractions 1-2 
and 11-2 in pure ClzEt solution a t  25";37 the same value of 

also based on a high-DP sample of PBLG in pure 
ClzEt, was used by Norisuye et dz2 From measurements 
in HCClzCOOH, we obtained a value of boC = $75, which 
is similar to that shown in Figures 1 and 2 for 
HCC12COOH-ClzEt mixtures a t  low temperature; this 
value is slightly larger than that found by Norisuye e t  
aLz2 The actual value used here for boC was selected in 
two ways. In one of them, the value of 75 was taken to 
represent boC throughout the transition, and o h  was then 
calculated as -(bo - 75)/775. In the second method, it 

(37) The lower-rn samples gave more positive values of bo. uit., bo = 
-624 and -590 for fractions 111-3 (IF = 700) and IV-3 (IF = 1301, 
respectively. bo was found to be independent of temperature (between 
25 and 60") and concentration. Other values reported in the literature 
range from bo = -630 to -660,38,39 without specification of chain 
length. 
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lo4 
Figure 3. Plot of T us. U .  (A) in 70 wt 70 HCClZCOOH solution 
and (B) in 82 wt % HCC12COOH solution. The horizontal dotted 
lines indicate the values of T~~~ described in the text. 

was assumed that the boC value of 75 corresponds to the 
coil form of the polymer to which HCClzCOOH molecules 
are bound, and thus may not correspond to the unsolvated 
coil form of PBLG, which then was assumed to have a 
value of boC = 0 as in other cases.*-g (It may be noted in 
this connection that the ORD curve for PBLG in hydra- 
zine, which promotes the coil form, differed from the 
curve for PBLG in HCClzCOOH,13 with boC = 0 in hydra- 
zine.) The value of boC was therefore made to vary linear- 
ly from 75 to 0 throughout the transition as 81, changed 
from 0 to 1. o h  was thus calculated as [bo - (1 - o h )  x 
75]/[-700 - (1 - oh)  X 751. However, the values calculat- 
ed for Oh by the above two procedures did not differ very 
much from each other, and the same final values of the 
thermodynamic parameters (within the limits of error) 
were obtained by both procedures. Therefore, the first 
procedure was used routinely. The error involved in com- 
puting oh should include not only the errors in bo men- 
tioned earlier but also the possible error in the limiting 
values of boH and boC. Since the errors in boH and boC 
were not determinable directly, an allowance of *3% for 
boH and &9% for boC (based on the reproducibility of 
these values) produced an error of &2.5% in o h  a t  a bo 
value of -300, corresponding to about the middle of the 
transition; this value was incorporated in the computed 
error in o h  for all values of Oh. 

Discussion 
The helix-coil transition in a mixed solvent has been 

treated by several a~thors.~O-44 From all of these theories, 
it appears that the Zimm-Bragg theory can be applied 
directly to the experimental data in the mixed solvent, as 
for a polymer in a pure solvent, but that  the resulting 
thermodynamic parameters include the binding (and 
other) effects of the solvent. Most importantly, for com- 
parison with the calorimetric data in the accompanying 
paper,ll the observed values of AH" (for the conversion of 
a coil to a helical residue) obtained from the ORD and 
calorimetric measurements should be identical since they 
both contain the same contributions from the solvent. 

The experimental data in the form of o h  us. 5" were 
taken a t  intervals of 5" from the smoothed experimental 
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Figure 4. Plot of s us. T.  (A) in 70 wt % HCC12COOH solution and (B) in 82 wt 70 HCCl2COOH solution. The triangles and circles rep- 
resent s values obtained using temperature-independent and -dependent values of u,  respectively. The error limits (obtained as described 
in the text) are shown by vertical lines. 
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Figure 5. Plot of Oh us T in 70 wt % HCC12COOH solution. The 
points are experimental and the curves are theoretical. The sym- 
bols representing the fractions are the same as in Figure 1. The 
error limits were obtained as described in the text. 

curves of Figures 1 and 2, and were used to compute the 
helix-coil transition parameters for PBLG in the two com- 
positions of the solvent mixture. The Zimm-Bragg theo- 
ry10 was employed for this purpose. The theoretical analy- 
sis of the data was performed in the same manner as de- 
scribed in detail in our earlier p a p e r ~ . 3 - ~ . ~ ~  Thus, two pro- 
cedures of calculation were employed, one in which the 
parameter u was treated as temperature independent and 
another where it was taken as temperature dependent. In 
the former method, for each of several trial values of U ,  

the best value of the parameter s a t  each temperature was 
computed as the one that minimized the quantity T which 
measured the goodness of the fit of the theoretically cal- 
culated values of 8h with the experimental ones for all the 
fractions at this temperature. The quantity T has been de- 
fined earlier4 as 

where the two quantities inside the brackets are, respec- 
tively, the experimental and calculated (theoretical) 
values of for the ith fraction (of a given m) a t  the 
temperature T By taking the summation over all temper- 
atures, one obtains the best value of u as the one which 
yields the minimum value of T. Plots of T us. u in the 70 
and 82 wt 70 HCClzCOOH solutions are shown in Figure 
3. It is seen that the best values of u are 3.5 x in 70 
wt % HCC12COOH and 2.0 x in 82 wt % of 
HCClzCOOH solutions. The error in these values of u was 
determined by computing a quantity ~ ~ ~ ~ 6 . 8  which is 
given by 

(45) The computer programs used in these calculations are available; see 
footnotes 26 and 27 of ref 3. 

Temperature, "C 
Figure 6. Plot of o h  us. 7' in 82 wt '70 HCClzCOOH solution. The 
points are experimental and the curves are theoretical. The sym- 
bols representing the fractions in (A) and (B) are the same as in 
Figure 2A,B, respectively. The error limits were obtained as de- 
scribed in the text. 

where (48h,ca]c , -~) l ,T is a fractional quantity which contains 
the error in 8 h  arising from the error in the determination 
of chain length and (a8h ,expt ) l ,T  is a similar quantity con- 
taining errors in (a) the estimate of boH and boC, (b) the 
slope of the Moffitt-Yang plot, and (c) the PBLG concen- 
tration. The values of u which fell within the respective 
values of T~~~ in Figure 3 were taken to represent the de- 
viations of the values of u in the two solutions. Thus, in 
the 70 wt 7'0 HCClzCOOH solution, the allowed values of 
u were found to lie between about 2 x 1 0 - 4  and 9 X 
while in 82 wt Yi HCClzCOOH solution, u varied from 
about 1 x 10-4 and 4 x 10-4. 

Plots of s as a function of temperature are shown in Fig- 
ure 4 for the 70 and 82 wt % HCClzCOOH solutions, using 
the temperature-independent values of u given above. The 
error limits on the values of s were computed as described 
previously6 using the two sets of data characterized by 
8h,max and @h,mln (which represent the maximum and 
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Figure 7. Plot of In s us. 1/T for PBLG in 70 wt 5% HCClzCOOH 
solution. The vertical lines represent the error limits (see text). 

minimum values, respectively, of eh a t  a given tempera- 
ture and chain length computed by adding to or subtract- 
ing from it the total error in Oh). The error limits in s ob- 
tained in this manner are shown in Figure 4. 

In the second method of analysis of the data, u was al- 
lowed to vary with temperature so that a t  each temperature 
best values of both u and s were obtained. However, the 
variations in u over the experimental temperature range 
were within the limits of error of the temperature-inde- 
pendent derived earlier in both 70 and 82 wt % 
HCClZCOOH. The values of s a t  various temperatures 
computed with the temperature dependent u values are 
also shown in Figure 4. Except for some points a t  low 
temperature in 82 wt % HCClzCOOH solution, these 
values of s lie within the limits of error of those computed 
with a temperature-independent u. Therefore, within the 
limits of the experimental errors, it is not possible to de- 
tect the temperature dependence, if any, of the parameter 

The theoretical values of Oh as a function of tempera- 
ture have been calculated using the temperature-indepen- 
dent best values of and the data of s us. T in Figure 4. 
These are shown in Figures 5 and 6, along with the experi- 
mental data. The agreement between theory and experi- 
ment is found to be satisfactory in both 70 and 82 wt % 
HCClzCOOH solutions, taking into account the experi- 
mental errors shown in Figures 1 and 2 (which, in fact, do 
not include errors in chain length and are therefore small- 
er than the true errors). 

Use was made of the temperature dependence of s, in 
both solvent compositions, to evaluate the changes in free 
energy, AGO, enthalpy, AH", and entropy, AS", for the 
conversion of a coil residue (at  the end of a long helical 
sequence) to a helical one by means of 

U. 

(3) 

Figures 7 and 8 show the plots of In s us. 1/T for the 70 
and 82 wt % HCClzCOOH solutions, respectively. The 
error symbols shown in these figures are derived from the 
errors in the determination of the values of s shown in 
Figure 4. The data in 70 wt % HCClzCOOH solution 
below 10" are not shown in Figure 7 because 6h  is close to 
zero, and the resulting errors in Oh are very large. 

The data in Figure 8 for the 82 wt % HCClzCOOH solu- 
tion were fit well within the limits of error to a weighted 

Temperature O C  
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Figure 8. Plot of In s us. 1/T for PBLG in 82 wt '70 HCClzCOOH 
solution. The vertical lines represent the error limits (see text). 

Table I1 
Thermodynamic Pa rame te r s  for the Helix-Coil Transition of 

PBLG in  HCClzCOOH-ClzEt Mixtures 

70 wt 70 82 wt 7 0  

HCClZCOOH HCClzCOOH 

SG zj. (cal/mol)a -17 f 4 27 f 3 
OH" (cal/mol) 770 f 50b 360 f 1 5 C  
O S  2.7 f 0 . 2 b  1.12 f 0.04c 
T m  ( O C d  1 14 f 2 45 f 2 
IJe 0.00035 0.0002 

Taken from data  in Figures 7 and 8. b Calculated at  T ,  as 
described in the text. c Calculated average value between 0 and 65" 
(see text). d Calculated from data  in Figure 4 a t  s = 1. e Limits of 
error in u are shown in Figure 3 .  

least-squares straight line,46 so that AH",  which is ob- 
tained from the slope of this line (eq 3), appears to be in- 
dependent of temperature in this case. However, this was 
not true for the 70 wt % HCClZCOOH solution, since the 
plot shown in Figure 7 shows a marked curvature indica- 
tive of a strong temperature dependence of AH in this sol- 
vent composition. The values of AW can be obtained 
from the slope of the curve in Figure 7 a t  each tempera- 
ture. At temperatures greater than 25", the variation in 6h  
(or In s)  with temperature is very small, making it diffi- 
cult to estimate AH above 25". In the range of 10-25", 
A H "  was found to vary from about 900 calimol (a t  10") to 
about 200 cal/mol (at  25"). A value of 770 & 50 cal/mol 
was obtained from the slope of the curve in Figure 7 a t  
T, ( = 14") (where In s = 0), and is given in Table I1 
along with the value of AS", for PBLG in 70 wt 'Yc 
HCC12COOH solution; the temperature-independent 
values of AH" and A S "  in 82 wt 'YO HCClzCOOH solution 
are also shown in Table 11.47 

To facilitate the comparison of our results shown in 
Table I1 with similar data obtained by others, the avail- 
able information on the thermodynamic parameters for 
the PBLG-HCClzCOOH-ClzEt system as obtained by po- 
larimetric measurements are collected together in Table 
111. In general, our values of u lie in the range found by 

(46) P. R. Bevington, "Data Reduction and Error Analysis for the Physical 
Scientist," McGraw-Hill, New York, N. Y . ,  1969, p 92. 

(47) It must be emphasized that  ArH" and A S o  contain contributions from 
all solvent effects (including binding) as well as from transition in the 
absence of binding. 
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Table I11 
Reported Values of the Thermodynamic Parameters for PBLG in HCClzCOOH-ClzEt Mixtures from Polarimetric Measurements 

Solvent 
Composi- 
tion (wt % 

HCC12- PBLG Concn Chain- 
COOH) '7' (w/v) Length (DP) ,, x 104 AW (cal/mol) AS' (eu) T m  ("C) Ref 

69.8 0.7-1.0 1900 

0.9 i 0.25 580 
250 
145 

70.0 a 1500 
46 2.0 f 0.6 
26 

70.0 1.0 1120 1.96 
70.0 0.46-2.0 1000 

3.5 700 
320 
130 

74.4 0.5-0.8 1900 

0.9 f 0.25 580 
250 
145 

81.0 1.0 1120 1.96 
81.5 0.5 1900 

0.9 f 0.25 580 
250 
145 

82 0.36-4.0 1550 
1000 
320 
130 

2.0 

a Data not given. 

others, but our values of AH" are somewhat lower than 
those reported for the same solvent compositions. As pos- 
sible reasons for this discrepancy, we note that, first of all, 
several well-fractionated samples of appropriately spaced 
value of DP are required for a good determination of the 
thermodynamic parameters. Only one (unfractionated) 
sample was used in the work of ref 21, and the DP 26 and 
46 samples of ref 14 were too short for obtaining a high 
enough helix content; also heterogeneity in chain length 
could be very serious a t  such low values of m. Secondly, 
instead of using ORD (and evaluating bo to obtain Oh), the 
values of Oh were obtained from the observed optical rota- 
tion a t  a single wavelength in ref 14, 21, and 22. As will be 
shown in the accompanying paper,ll the values of AH0 
obtained by calorimetric measurements compare fairly 
well with those reported in this paper from ORD measure- 
ments. 

The values of AH" obtained here from ORD measure- 
ments, and from calorimetric measurements in the ac- 
companying paper,ll are independent of the concentration 
of PBLG over the range studied (about 0.4-4.0Y0, w/v). 
These observations disagree with the polarimetric results 
of Puett and Ciferri23 (who used CHC13 instead of C12Et) 
and the calorimetric results of Ackermann and Neu- 
mann17 (who used HCClzCOOH-ClzEt mixtures) .48,49 

Finally, we consider the possible usefulness of PBLG in 
the two solvent compositions studied here as the "host" 
polypeptide in a copolymer study, as indicated earlier. 
Table IV lists the values of the parameters CT and s a t  25" 
for PBLG in 70 and 82 wt YO HCC12COOH solutions as 
well as those of poly(hydroxybutylg1utamine) (PHBG) and 

(48) After completion of this manuscript, our attention was drawn to the 
recent paper of Teramoto and Norisuye49 who also find no concentra- 
tion dependence of AH". 

(39) A. Teramotoand T. Norisuye, Biopolymers, 11, 1693 (1972). 

800 i 50 a 5.1 22 

890 f 130 a 11.8 14 

890 a 11.5 21 

770 f 50 2.7 f 0.2 14 This work 

780 f 50 a 15.2 22 

840 a 31.6 21 

580 f 60 a 36.3 22 

360 f 15 1.12 f 0.04 45 This work 

Table IV 
Values of the Zimm-Bragg Parameters at 25" for 

"Host" Polypeptides 

Poly- 
peptide Solvent ,, x 104 s 

PBLG 70 wt 7'0 HCClzCOOH in ClzEt 3.5 1.03 
PBLG 82 wt % HCClzCOOH in ClzEt 2.0 0.96 
PHBG Water 6.7 1.02 
PHPG Water 2.2 0.98 

poly(hydroxypropylg1utamine) (PHPG) in water, the lat- 
ter two4 having been employed as "hosts" in our earlier 
investigations in water5-9 to obtain the thermodynamic 
parameters for "guest" residues such as, glycine, alanine, 
etc., which were incorporated in random copolymers with 
the respective host residues. The data in Table IV reveal 
that benzyl L-glutamate can act either as a helix-making 
(s > 1) or helix-breaking (s < 1) residue a t  25" depending 
on the solvent composition used. In fact, the values of s 
and u at 25" for PBLG in 70 wt YO HGC12COOH are very 
close to those of PHBG in water at this temperature, so 
that, like the latter, PBLG in 70 wt % HCClzCOOH solu- 
tion can be employed as host for potential helix-breaking 
guest residues, as has been demonstrated in a study of the 
copolymer of PBLG and glycine in this solvent mixture.50 
Since the helix-coil transitions in HCC12COOH-ClzEt 
mixtures are inverted (unlike the case in aqueous solu- 
tion4-Q), the incorporation of a helix-breaking guest resi- 
due like glycine in the copolymer containing PBLG in 70 
wt % HCC12COOH solution, causes the T ,  to be shifted 
progressively to higher temperatures as the content of the 

(50) V.  S. Ananthanarayanan, E. Leroy, and H. A.  Scheraga, to be pub- 
lished. 
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guest residue in the copolymer is increased.50 In a similar 
manner, PBLG in 82 wt '70 HCClZCOOH solution, which 
is the counterpart of PHPG in water, can be used as the 
host residue in copolymers containing potential helix Mr. Hua Tjan for the micro-Kjeldahl analyses. 

makers as guest residues. 
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ABSTRACT: The enthalpy change, AH", for the helix-coil transition of poly(?-benzyl L-glutamate) in mixtures 
containing 70:30 and 82: 18 weight ratios of dichloroacetic acid and dichloroethane, respectively, has been deter- 
mined with the aid of a differential thermal analysis apparatus. The description of the apparatus and the details 
of analysis of the data  are given. The values of AW obtained in the two solvents compare fairly well with those 
computed from spectropolarimetric measurements in the preceding paper. Also, within the limits of the experi- 
mental error, it appears tha t  AH" is independent of the concentration of the polypeptide over the range of con- 
centrations studied. 

In the preceding paper,3 we indicated how we plan to 
use poly(y-benzyl L-glutamate) (PBLG) as a host polymer 
in mixtures of dichloroacetic acid (HCClZCOOH) and di- 
chloroethane (C12Et) for determining the Zimm-Bragg 
parameters4 u and s of guest amino acid residues in non- 
aqueous solvents. To apply the host-guest technique it is 
first necessary to determine the thermodynamic parame- 
ters for the thermally-induced helix-coil transition in the 
host homopolymer. This was done3 for PBLG in 
HCClzCOOH-ClzEt mixtures, by use of optical rotatory 
dispersion (ORD) measurements, and we report here a 
calorimetric determination of the enthalpy change (AH") 
for the same (inverted) transition, and compare it to the 
value obtained3 from the temperature dependence of s. 

Several calorimetric evaluations of AH" for the PBLG- 
HCClzCOOH-ClzEt system have already been reported.5-13 
The motivation for this additional investigation is (1) 
to obtain independent data on the same systems used in 
our ORD study3 to establish the thermodynamic parame- 
ters for the host homopolymer prior t o  further studies on 
the host-guest random copolymers, and (2) to demon- 
strate the applicability of a recently developed differential 
thermal analysis (DTA) apparatus for obtaining precise 
(1) This investigation was supported by research grants from the Nation- 

al Institute of General Medical Sciences of the National Institutes of 
Health, U. S. Public Health Service (No. GM-143121, and from the 
National Science Foundation (No. GB-28469x1). 

(2) (a) Molecular Biophysics Unit, Indian Institute of Science, Bangalore 
12, India. (bj Postdoctoral Fellow of the National Institute of General 
Medical Sciences, NIH, 1971-1973. 

(3) V. S. Ananthanarayanan, E. Leroy, and H. A. Scheraga, Macromole- 
cules, 6,553. 

(4) B. H. Zimm and J. K. Bragg,J. Chem. Phys., 31,526 (1959). 
(5) T. Ackerman and H. Ruterjans, Ber. Bunsenges. Phys. Chem., 68, 850 

(6) T.  Ackermann and H,  Ruterjans, Z. Physik. Chem. (Frankfort am 

(7) T. Ackermann and E. Neumann, Biopolymers, 5,649 (1967). 
(8) F. E. Karasz, J. M. O'Reilly, and B. E.  Bair, Nature (London), 202, 

(9) F. E. Karasz and J. M. O'Reilly, Biopolymers, 4, 1015 (1966). 

(1964). 

mainj, 41, 116 (1964). 

693 (1964). 

(10) G. Giacometti, A. Turolla, and R. Boni, Biopolymers, 6,441 (1968). 
(11) A. Kagemoto and R. Fujishiro, Biopolymers, 6,1753 (1968). 
(12) A. Kagemoto andR. Fujishiro, Makromol. Chem., 114,139 (1968). 
(13) A. Kagemoto and F. E.  Karasz, "Analytical Calorimetry," Vol. 2, R. 

S. Porter and J. Johnson, Ed., Plenum Press, New York, N. Y., 1970, 
p 147. 

values of A € P  for thermally induced helix-coil transitions. 
The DTA apparatus used here is of the conduction type,l4.l5 
and thus is simple in design and operation, and is low 
in cost compared to adiabatic-type calorimeters. The heat 
detectors used in our calorimeter are semiconductor ther- 
moelectric generators and are superior to the thermopiles 
consisting of many wire-type thermocouples, used in ear- 
lier conduction-type ca10rimeters.l~ By making use of 
twin cells we have gained the advantages of a differential 
heat measurement. Another advantage of our calorimeter 
is that only about 40 mg of polypeptide (in -1.5 ml), ap- 
proximately lhooth of the size sample usually used,7 is re- 
quired for good precision. These advantages have been 
gained without sacrificing precision and accuracy; as will 
be shown by the results reported here, the precision and 
accuracy in the measurement of heat change is comparable 
to those obtainable with an adiabatic-type calorimeter.16 

The DTA apparatus is described, and then results are 
presented for the helix-coil transition in PBLG in 70 and 
82 wt % HCClzCOOH, respectively, in ClZEt. 
Experimental Section 

Materials. The PBLG samples were fractions 1-2 and 11-2 of the 
previous paper;3 these have average degrees of polymerization 
(DP) of 1550 and 1000, respectively. HCC12COOH and ClzEt were 
the same solvents as in the earlier s t ~ d y . ~  n-Hexadecane was of 
Spectrophotometric grade from Aldrich Chemical Co. 

The solutions of PBLG were prepared as described earlier,3 and 
the concentration of polymer was determined by dry weight. 

Description of Calorimeter. A schematic drawing of thencalo- 
rimeter is shown in Figure lA,B. The sample and reference cells 
(C1 and Cz, respectively) were type 37 microcylindrical spectro- 
photometric glass cells, with long filling tubes, from Precision 
Cells Inc., New York. The separation of the internal faces of the 
cells was 5 mm and the internal diameter was 22 mm; the filling 
tubes were long (7 cm) and narrow (about 2-mm i.d.) to  minimize 
evaporation of cell contents. The masses of the cells were 
matched to within 0.1 mg by grinding the faces of the cell. The 

(14) R. C .  McKenzie. "Differential Thermal Thermal Analysis," Vol. I ,  Ac- 

(15) H. A. Skinner in "Biochemical Microcalorimetry," H. D. Brown, Ed., 

(16) R. Danforth, H. Krakauer and J. M. Sturtevant, Reu.  Sci. Instrum., 

ademic Press, New York, N. Y., 1970. 

Academic Press, New York, N ,  Y., 1969, Chapter 1. 

38,484 (1967). 


